Abstract. The through-thickness cohesive toughness is estimated by applying the cube-corner indentation method for an organosilicate glass (OSG), cured by monochromatic UV irradiation to obtain oscillating elastic moduli across the film thickness. Radial cracks induced by cubecorner indentation on as-deposited OSG film shows a straight crack path, while the indentation on OSG film with elastic modulus oscillation shows a disturbed crack path. The cohesive toughness increases from (0.059 ± 0.001) MPa.m 1/2 to (0.063 ± 0.001) MPa.m 1/2 after monochromatic UV curing.
INTRODUCTION
With the continuous scaling of the on-chip interconnects feature size, the implementation of ultra low-k dielectrics has become essential for future technology nodes. The mechanical properties of these porous films, such as elastic modulus and fracture toughness, are crucial to manufacturing yield and product reliability. Various approaches have been introduced to improve the cohesive and adhesive toughness of low-k films, e.g. organosilicate glass (OSG) films [1] [2] [3] [4] . Recently, Kim et al. have reported that the elastic modulus of OSG films can be modulated across the film thickness by applying a monochromatic UV irradiation [4] . The mechanical properties of the OSG film can be tuned and its fracture toughness near the interface can be improved by optimizing wavelength and curing time of a monochromatic UV irradiation.
In this paper, the through thickness cohesive toughness and the indentation fracture of an OSG film with oscillating elastic modulus across the film thickness are studied. Cube-corner indentation experiments are conducted to induce radial cracking in the OSG film. Knowing the radial crack length and the indentation loads during the radial crack propagation, the fracture mechanics model developed by Morris and Cook is applied to estimate the cohesive toughness of the OSG films [5] .
EXPERIMENTAL METHODOLOGY
The low-k films investigated here are organosilicate glass (OSG) films, (a) OSG1: with monochromatic UV curing for 5 mins and (b) OSG2: as deposited. The thickness of the as-deposited OSG film is 501nm. After the UV curing, the OSG film thickness shrunk from 537nm to 475nm. The Hysitron TI950 TriboIndenter TM was used with cube-corner indenter to generate radial cracks through the film thickness and to measure the cohesive toughness of the OSG films. The cube-corner indentations were conducted under displacement-control mode with pre-defined maximum penetration depths ranging from 100nm to 500nm. The indentation tests consisted of three test segments: (a) loading to the predefined maximum depth in 10s, (b) holding at the maximum depth for 5s, and (c) complete unloading in 10s. For several penetration depths, the length of the radial cracks was measured using the Carl Zeiss NVision 40 CrossBeam ® SEM/FIB tool.
CUBE-CORNER INDETATION RESULTS
Using indenter probe with different geometry and acuity, the cohesive and adhesion toughness of submicron thin films can be characterized by nanoindentation method. In a previous study, the wedge indentation technique has been used to measure interfacial adhesion for several low-k films [6, 7] . In this study, radial cracks through the film thickness are generated by cube-corner indentations on the OSG films. Then, the fracture model based on the radial cracks driven by indentation wedging mechanism is applied to estimate the through-thickness cohesive toughness of the OSG films [5, 8] .
As shown in the cube-corner indentation loading curves for OSG1 and OSG2, sudden decrease of indentation load or the so called pop-in event, happens twice along the loading curves ( Fig.1) . As confirmed by SEM observations, the first pop-in event (penetration depth 200 to 250nm) can be associated to the initiation of radial cracks, while the latter one (penetration depth 400 to 450nm) can be related to the occurrence of film delamination. This finding has indicated that the radial crack propagations after the first pop-in and before the second pop-in are important particularly for the estimation of cohesive toughness. Therefore, a large amount of indentations are conducted with pre-defined maximum depths within this range (200nm to 450nm) to determine the relation between radial crack length and indentation load (250µN to 1400µN). 2 shows the radial crack length, c measured for several maximum indentation loads or maximum penetration depths (c-P plot). The c-P plots demonstrate that, after the initiation at the first pop-in, the radial crack could propagate to a crack length more than 1µm by increasing the indentation penetration depth. Furthermore, at the second pop-in, the film delamination occurs as indicated by the sharp increase of crack length at P = 1200µN and 1000µN for OSG1 and OSG2, respectively. The data beyond the second pop-in event cannot be used and is discarded from the calculation of cohesive toughness. Similar findings were also reported in Morris and Cook's study [8] .
OSCILLATING ELASTIC MODULUS AND EVOLUTION OF RADIAL CRACK
In the previous studies, using the standing wave effect caused by monochromatic-UV irradiation, Kim et al. [4, 9] have successfully generated oscillations in elastic modulus through the OSG films thickness. The same OSG films are further studied in this work. Fig.3 shows the elastic modulus of OSG1 and OSG2 measured by cubecorner indentations at different penetration depths. Although the elastic modulus measured by indentation method is an averaged value from an elastic zone under the indenter tip, some elastic modulus oscillations can still be detected by the cube-corner indentation due to the smaller elastic zone in comparison to Berkovich indentation. Carefully controlling of the standing wave and the elastic modulus oscillation, the adhesive toughness at the top and at the bottom interfaces of OSG films can be significantly enhanced [4] . Meanwhile, the cohesive toughness along the middle of the OSG films thickness does not show much improvement by the UV curing, mainly due to the existence of weaker crack paths within the film thickness. In the present study, cohesive fracture through the OSG film thickness is generated using cube-corner indentation to study the effects of oscillating elastic modulus on the through thickness radial cracking. As shown in Fig.4 , radial cracks are initiated from each corner of the indentation impressions. While, the radial cracks extend in a straight line through the OSG2 film thickness, the cracks on the OSG1 seem to travel in a disturbed path. As both of the samples have very plane surfaces, the evolution of radial crack pattern cannot be attributed to the possible indenter tip tilting. There is no clear explanation to this observation at the moment. But, this anomalous observation may be due to one or a combination of the following reasons: (a) the UV curing may have produced an inplane weaker crack path at the surface or near-surface of OSG1; (b) crack destabilization due to the higher tensile residual stress on the surface layer of OSG1 as compared to OSG2 [10] ; (c) the stiffer top surface layer in the OSG1 film may have sunken-in and bent by the cube-corner indenter, causing the radial crack to deflect. The anomalous crack path creates a larger fracture surface than the straight crack path, and may indicate an increase of fracture energy and cohesive toughness. Further studies are required to understand the evolution of the indentation induced radial cracks with the oscillating elastic modulus through the OSG film thickness.
COHESIVE TOUGHNESS
The indentation fracture mechanics model introduced by Morris and Cook [5, 8] is applied on the OSG1 and OSG2 films in this study. The indentation stress intensity factor, SIF, at a certain indentation load, P, for the wedging and elastic-contact stress fields were given as 
for radial cracking that does not reach to the film/substrate interface. χ W and χ E are the amplitude terms relating SIF to probe acuity and the Poisson's ratio. c is the crack length and a is the indentation impression center to corner distant. The radial cracks induced by cube-corner indentation were inspected by FIB cross-sectional imaging. It is observed that the radial cracks do not reach the interface. Therefore, Eq.1 and 2 can be used in this case.
To estimate the cohesive toughness of brittle thin film, Morris and Cook [5, 8] proposed that the effects of substrate attenuation and film residual stress can be taken into account by the following fracture equilibrium relationship.
( )
E f /E A is the ratio of actual film elastic modulus and apparent elastic modulus, which allows the prediction of the proportion of indentation strain energy lost to the substrate. K 'W and K 'E are dry SIFs from Eq. 1 and 2 without the SIF amplitudes (χ). W is the probe wedginess, which is equal to 1.95 for cube-corner indenter. T F is the cohesive toughness, t F is the film thickness and σ F is the film residual stress. l is the aspect ratio of the radial crack (crack depth over crack length). The Zak-William stress singularity exponent, s is taken as 0.1 in this study. Table 1 . Using the film residual stress and elastic modulus reported in a previous study [9] , the cohesive toughness of OSG1 and OSG2 are estimated as (0.063 ± 0.001) MPa m 1/2 and (0.059 ± 0.001) MPa m 1/2 , respectively. These results indicate that the monochromatic UV curing for 5 minutes could not significantly improve the through-thickness cohesive toughness (only about 6% increase is achieved). In a previous computational study, Fratzl et al. have shown that by achieving an elastic modulus oscillation with a ratio of maximum and minimum elastic modulus (ρ) larger than 5, the crack growth may be effectively stopped [11] . The elastic modulus oscillation ρ of the OSG1 film is only about 1.2. Therefore, the principal similar behavior has been shown, however, a larger amplitude of the oscillation of the elastic modulus in the OSG film could be the key to achieve a significantly increased cohesive toughness. 
CONCLUSIONS
Based on the cube-corner indentation investigations, the oscillating elastic modulus in OSG film has two significant effects on the radial crack growth. Firstly, the radial cracks initiated from the corner of the indentation impression may change their crack path from a straight line to a disturbed line. Secondly, the cohesive toughness of the OSG film can be increased by the elastic modulus oscillation. However, the increment found in this study, for an oscillation ratio less than 1.2, is only about 6%. Future studies will focus on increasing the oscillation ratio, in order to significantly enhance the cohesive toughness.
